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When microbiologists fi rst applied the tools of their trade to the oceans of 

the world, they quickly learned that water samples contained variable num-

bers of bacteria, depending on sample location and the method of measure-

ment. Estuarine water samples were routinely found to contain greater num-

bers of culturable bacteria than coastal ocean water samples, which, in turn, 

contained greater numbers than samples from the abyssal ocean. In general, 

microscopic counts always exceeded culture medium counts, for any given 

sample, and activity measurements often suggested a greater bacterial pres-

ence than indicated by the culture counts. Claude ZoBell was one of the fi rst 

marine microbiologists to make such observations (ZoBell and Upham, 

1944), and over the years many other investigators repeated and expanded 

these fi ndings. Typical were the observations of Grimes et al., (1984) who re-

ported that acridine orange direct counts (AODCs) of bacteria in seawater 

samples usually exceeded plate counts on heterotrophic plating media by four 

to six orders of magnitude, and they discussed reasons for the discrepancy. 

Data analysis presented by Meyer-Reil (1978) also supported these observa-

tions, further indicating the common failure of cultural-count data and di-

rect-count data to exhibit any correlation. Illustrative of this discrepancy is 

the data presented in Figure 1.

Oceanography  Vol.17, No.3, Sept. 2004 53



Oceanography  Vol.17, No.3, Sept. 200454

Figure 1. Microscopic detection of bacteria in sea-

water usually reveals signifi cantly more cells than 

does enumeration by standard plate count with a 

nutrient medium. Here, an estuarine water sample 

was examined with an acridine orange staining 

procedure (background) and with a spread plate 

count on Tryptic Soy Agar adjusted to 15 ppt salin-

ity (right). Th e acridine orange direct count revealed 

24,200 bacteria ml-1 and the spread plate detected 

1,820 colony forming units ml-1 of sample water (D.J. 

Grimes and D. Rebarchik, unpublished data).

Over the years, many explanations were 

given for these bacterial concentration 

discrepancies, and they can be summa-

rized in two ways: (1) the medium or 

conditions (e.g., temperature, pressure, 

salinity, pH, Eh) being used for cultiva-

tion could not support the growth of all 

physiological types of bacteria present in 

the sample; and (2) although still intact, 

many cells observed in the sample were 

moribund or dead and therefore inca-

pable of further growth. Both of these 

hypotheses are partially correct, but for 

reasons not fully appreciated when they 

were fi rst proposed.

Selection of growth medium and 

conditions is very important. There is 

no single medium that will support the 

growth of all heterotrophic bacteria, 

let alone autotrophs—be they photo-

trophic or lithotrophic. Even with a suite 

of media and conditions, many organ-

isms will go uncounted. During the past 

two decades, it has become clear that 

viable bacteria that cannot be cultured 

on media normally supportive of their 

growth also account for some fraction of 

the total count that will not grow under 

laboratory conditions; these bacteria are 

thought to be dormant and have been 

called somnicells (Roszak and Colwell, 

1987). Both somnicells and organisms 

not yet cultured (i.e., not yet discovered) 

fail to grow on plating media, and there-

fore contribute to the discrepancies.

Another reason given for discrepan-

cies between total and plate counts (in-

tact moribund or dead cells) was long 

thought to be the principal explanation. 

While some cells in any given system are 

presumably moribund or dead, this fac-

tor can no longer be supported as the 

principal reason. For example, Tabor and 

Neihof (1984) used a variety of direct 

methods (synthetically active bacteria, 

INT [2-(p-iodophenyl)-3-(p-nitrophe-

nyl)-5-phenyltetrazolium chloride] 

reduction, and microautoradiographic 

determination of uptake-active organ-

isms) to demonstrate that 25 to over 85 

percent of cells in Chesapeake Bay water 

samples (as determined by AODCs) were 

indeed viable. Clearly, viable but noncul-

turable bacteria—both dormant and yet 

to be cultured—can now be considered 

responsible for the major portion of the 

total count-plate count discrepancies in 

most systems.

Figure 1. Microscopic detection of bacteria in sea-

water usually reveals signifi cantly more cells than 

does enumeration by standard plate count with a 

nutrient medium. Here, an estuarine water sample 

was examined with an acridine orange staining 

procedure (background) and with a spread plate 

count on Tryptic Soy Agar adjusted to 15 ppt salin-

ity (right). Th e acridine orange direct count revealed 

24,200 bacteria ml-1 and the spread plate detected 

1,820 colony forming units ml-1 of sample water (D.J. 

Grimes and D. Rebarchik, unpublished data).
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UNDER STANDING AND 
CAPTURING MICROBIAL 
DIVER SITY
Recent evidence suggests there are 

many “yet to be cultured” microorgan-

isms from all three domains—Bacteria, 

Archaea, and Eukarya—present in the 

biosphere. Their discovery is awaiting 

developments in microbial culture tech-

nology so that they too can be isolated 

and grown in suffi cient quantity to be 

described. Bull et al. (1992) estimated 

the total number of bacterial species on 

Earth to be 40,000, and Tiedje (1994) 

pointed to different lines of evidence that 

suggest between 300,000 and 1 million 

species of bacteria inhabit the soil. More 

recently, Curtis et al. (2002) estimated 

that the sea contains 2 million different 

bacteria and that a ton of soil contains 

4 million. Bergey’s Manual of Systematic 

Bacteriology (4 volumes containing 2,784 

pages) presently lists 3,100 species of 

bacteria (Holt, 1984). The 2nd edition 

of Bergey’s is now in preparation (only 

the fi rst of 5 volumes is in print [Gar-

rity et al., 2001]) and it is estimated that, 

given an annual increase of over 200 new 

prokaryotic species, all 5 volumes will 

contain over 7,100 species (G.M. Gar-

rity, personnel communication, 2004). 

GenBank now lists approximately 30,000 

species, based on 16S rRNA sequences, 

of which most have not been cultured. 

If one accepts the Curtis et al. (2002) 

hypothesis, Bergey’s Manual, in con-

temporary format (circa 775 species per 

volume, excluding genetic databases), 

could ultimately reach 2,500 volumes 

in length! Clearly, new technologies are 

facilitating new discovery of microbes at 

unprecedented rates. The National Sci-

ence Foundation, in recognition of this 

vast discovery opportunity, has now held 

four competitions for “microbial obser-

vatories.” The purpose of this program 

is to discover novel microorganisms and 

microbial consortia, communities, ac-

tivities, and other novel properties, and 

to study their roles in diverse environ-

ments (http://www.nsf.gov/pubs/2002/

nsf02118/nsf02118.htm).

The oceans of the world account for 

much of microbial diversity and contain 

countless nano- and picoplankton, the 

majority of which are yet to be cultured 

(Schmidt et al., 1991). For example, the 

cold water Archaea, fi rst detected in sea-

water samples collected at depths rang-

ing from 100 to 500 meters (DeLong 

1992; Fuhrman et al., 1992), comprise a 

substantial percentage of the total micro-

bial biomass present in oceans through-

out the world (DeLong et al., 1994). Re-

cently, DeLong and Pace (2001) estimat-

ed that Archaea represent 20 percent or 

more of all microbial cells in the oceans. 

These Archaea have not been isolated in 

pure culture, nor have they been grown 

and phenotypically described. They have 

been detected only by PCR amplifi ca-

tion, characterization, and classifi cation 

of their ribosomal RNA. In 1996, Woese 

notes that approximately 300 archaeal 

species had been described in the litera-

ture; he believes that this number will 

expand signifi cantly (C.R. Woese, per-

sonal communication, 1996). Boone ob-

served that methanogen discovery alone 

has accounted for 5 to 10 new species per 

year for the last 10 years (D.R. Boone, 

personal communication, 1996). It is 

doubtful that all of these yet to be cul-

tured Archaea and Bacteria are dormant 

in their respective habitats; some must 

be active and involved in biogeochemi-

cal cycling and possibly disease processes 

in ways that remain unexplored. This 

hypothesis is supported by extensive cir-

cumstantial evidence, for example, data 

provided by vital staining techniques 

such as the AODC, direct viable counting 

(Kogure et al., 1979), and INT staining 

(Baker and Mills, 1982). More recently, 

fl ow cytometry has become a useful tool 

to identify and sort active cells—both 

culturable and yet to be cultured (Rinal-

do et al., 2002). Based on their presumed 

relative abundance, and on community 

structure shifts in response to environ-

mental disturbance (White, 1993), yet 

to be cultured Archaea and Bacteria no 

doubt transform vast quantities of geo-

chemicals in the biosphere.

Recently, the extent of this situation 

has been made even more obvious with 

the emergence of major taxa of Bacteria 

for which there are few (or even no!) cul-

tured members (Hugenholtz et al., 1998; 

Gordon and Giovannoni, 1996). Major 

lineages such as the Verrucomicrobia, Ac-

idobacterium, SAR11, SAR83, SAR86 and 

others are now known to occur in envi-

ronments around the world (Figure 2), 

yet they have almost no connection with 

a physiological database; accordingly, 

virtually no information is available as to 

their role in biosphere. Distribution of 

these yet to be cultured bacteria is truly 

ubiquitous; it includes novel forms such 

as the SAR324 cluster found in the lower 

surface layers of both the Atlantic and 

Pacifi c Oceans (Wright et al., 1997) and 

the SAR11 clade which dominates sur-

face bacterioplankton communities in 

the world’s oceans (Morris et al., 2002). 

Clearly, the molecular data indicate 

large numbers of unusual and undiscov-

ered bacteria exist in the oceans—per-

haps three orders of magnitude beyond 

known species. Equally clear is our pres-

ent inability to predict function from 

genomic information. And adding to 
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this dilemma is the recent, astounding 

genomic sequencing effort by Craig Ven-

ter’s group that resulted in the discovery 

of 1,800 new bacterial species from the 

Sargasso Sea (Venter et al., 2004). We 

know there are many “bugs” out there, 

but we do not know what they are doing, 

nor to we have an easy or economic way 

to isolate, grow, describe, and maintain 

them. Indeed, it was only through labori-

ous and time-consuming methods that a 

member of the SAR11 clade was recently 

cultured (Rappe et al., 2002) and named 

Pelagibacter ubique. Nevertheless, now 

is the time to begin counting, charac-

terizing, classifying, and collecting new 

bacteria, culturable or not; the scientifi c 

community needs a census of all marine 

life and it needs ready access to all repre-

sentative species in order to further basic 

understanding. In turn, such a census 

and understanding will allow the indus-

trial community to discover and market 

new applications.

The German Collection of Microor-

ganisms and Cell Cultures, the DSMZ, 

estimates that it costs them $2,500-3,000 

(USD) to add a bacterial culture to its 

collection. Given that an estimated 1 to 

2 million bacteria remain to be isolated 

from nature, their acquisition and in-

corporation into the DSMZ would cost 

at least $2.5 to 6 billion. The American 

Type Culture Collection (ATCC) esti-

mates that it costs $5,000-10,000 (de-

pending on the type and quality of the 

material—tissue cultures, microorgan-

isms, databases, etc.) to add new items to 

its collection, when the costs of quality 

control, validation, long-term preserva-

tion and global distribution are taken 

into consideration. Accessioning all of 

the undiscovered bacteria into the ATCC 

could cost as much as $20 billion! Based 

on these numbers, which in general do 

not account for complimentary genomic 

and proteomic database development, 

the conclusion is obvious. No single col-

lection or even country in the world can 

easily afford to isolate, characterize and 

accession into a culture collection all of 

the extant bacterial species. New public-

private partnerships are needed to more 

equitably and effi ciently distribute this 

expanding need and responsibility.

Because scientists will continue to iso-

late new microbes, describe their place 

in nature, document their attributes, and 

make them available to all users—sci-

ence, health, agribusiness, biotechnol-

ogy, and industrial—a new paradigm for 

safekeeping and distribution is needed. 

One solution to this huge burden and 

responsibility is to share the costs of pro-

curement, maintenance and distribution 

across several countries. Recently, the 

Organisation for Economic Co-opera-

tion and Development (OECD), the Par-

is based body comprised of the world’s 

leading country economies, concluded 

a study of Biological Resource Centers 

(BRCs) and their role in the advance-

Figure 2. Th e oceans of the world abound with microorganisms, most of which have yet to be discovered. 

In any given photomicrograph or electron micrograph of seawater, the viewer can be assured of seeing 

unknown microbes. In plate (A) a photomicrograph of bacteria in seawater is visualized by means of epi-

fl uorescence microscopy; yet-to-be cultured SAR86 cells glow red from a specifi c rRNA probe (copyright 

Marion LeClerc, MBRI, 2000). In plate (B), scanning electron microscopy reveals many unusual shapes of 

oceanic bacteria. Photos courtesy of Ed DeLong, Monterey Bay Aquarium Research Institute. http://www.

mbari.org/news/news_releases/2000/sep15_delong_fi g.html

A. B.
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ment of life sciences and biotechnology. 

The OECD study report (OECD, 2001) 

called for the establishment of a global 

network of BRCs, through which bio-

logical materials and related information 

would fl ow.

WHAT ARE BRCs?
As defi ned by the OECD (OECD, 2001): 

Biological resource centers are an essen-

tial part of the infrastructure underpin-

ning life sciences and biotechnology. They 

consist of service providers and repositories 

of the living cells, genomes of organism, 

and information relating to heredity and 

the functions of biological systems. BRCs 

contain collections of culturable organisms 

(e.g., micro-organisms, plant, animal and 

human cells), replicable parts of these (e.g., 

genomes, plasmids, viruses, cDNAs), vi-

able but not yet culturable organisms, cells 

and tissues, as well as databases contain-

ing molecular, physiological and structural 

information relevant to these collections 

and related bioinformatics. 

This BRC concept goes far beyond 

that of a traditional bacterial culture col-

lection; BRCs will become the future, 

defi nitive source of all authenticated bio-

logical material and information.  

  

WHY ARE BRCs ESSENTIAL?
Living organisms—cells, genes, gene 

products—are the essential raw materi-

als of biological investigations and are 

crucial for the advancement of biotech-

nology, health sciences, and research and 

development in the life sciences. With-

out biological resources and the related 

information or databases that describe 

them, life scientists cannot pursue their 

research, companies focused on bio-

technology cannot develop and market 

products, and health researchers cannot 

elucidate and cure diseases of humans, 

animals, and plants. On the other hand, 

when biological resources are made 

available through reputable and continu-

ously available sources, all of humankind 

benefi ts. Given that enormous sums are 

invested in extracting organisms and 

their genes from nature and elucidat-

ing the genetic and functional molecular 

elements of those living resources, it is 

essential that biological resources not 

only be preserved but also be available 

for use. And simply having the genome 

sequenced is not a replacement for hav-

ing the actual organism in culture; the 

genome is a “parts list” and the biology 

and ecology of the microbe is consider-

ably more complicated and less under-

stood. By making biological materials 

and information of guaranteed identity, 

quality, and security available to all users, 

BRCs will serve an essential infrastruc-

tural function for scientifi c investigation 

and research and development.

WHY ESTABLISH A GLOBAL BRC 
NET WORK?
The establishment of a global BRC net-

work would provide the framework 

within which coordination, harmoni-

zation and quality assurance could be 

provided for the preservation and elu-

cidation of biodiversity, elucidation of 

relationships between organisms, and 

international exchange of biological re-

sources. This would enhance the services 

provided to the global community by 

BRCs beyond what existing international 

frameworks could achieve. Specifi cally, a 

global BRC network would add value by 

achieving: (1) two-way communication 

and linkages between scientifi c needs 

and government policies (the main 

reason that the OECD initiated this ef-

fort); (2) an international framework 

for regulatory initiatives, either directly 

or through the appropriate national and 

international authorities; (3) interna-

tional cooperation to help prevent inap-

propriate use of biological resources, for 

example, terrorism; (4) a mechanism by 

which countries that cannot reach the 

standards required of BRCs can build ca-

pacity and in the meantime become part 

of a global system; and (5) enhance ef-

fi ciency, as a global BRC network would 

reduce redundancies and improve trans-

parency and thus, over time, help partici-

pants to harness resources for meaning-

ful research and economic development.

WHAT ARE THE CHALLENGES?
The development, expansion, and sur-

vival of individual BRCs and the estab-

lishment of a global BRC network face 

many challenges (Table 1). These include 

those posed by the molecular revolution 

(genomics and proteomics), accelerating 

efforts to conserve biodiversity, fund-

ing uncertainties that threaten stability 

of current culture collections, the need 

TABLE 1.  The Challenges and 
Opportunities Facing Creation 
of a Global BRC.

The molecular revolution data overload

Accelerating efforts to conserve biodi-
versity

Funding uncertainties that threaten sta-
bility

Collections at risk

Need for adequate Quality Assurance/
Quality Control (QA/QC)

Constraints on access within countries 
and across international borders

Cooperation with customs 

Private industry’s need to protect invest-
ments

Import and export regulations

Intellectual property rights

Personnel safety issues—biosafety

Misuse—security issues

Seamless inquiries and data transfer
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TABLE 2.  Countries Participating in the Task Force on Biological Resource 
Centers for the OECD Working Party on Biotechnology.

OECD Members1

Austria

Belgium

Canada

Czech Republic

France

Germany

Hungary

Italy

Japan

Korea

Mexico

Netherlands

Poland

Portugal

Spain

Switzerland

United Kingdom

United States

Non-OECD Members
Brazil

Burkina Faso

Colombia

Laos

Malaysia

Philippines

Senegal

Thailand

Observers

China2

1Member countries not participating in the 
Task Force on BRCs: Australia, Denmark, Fin-
land, Greece, Iceland, Ireland, Luxembourg, 
New Zealand, Norway, Slovak Republic, Swe-
den, and Turkey.

2Currently an offi  cial observer to the OECD 
Committee for Scientifi c and Technological 
Policy (CSTP). 

for universally accepted quality assur-

ance, constraints on access to biological 

resources within countries and across 

international borders, private industry’s 

need to protect investments, import and 

export regulations, intellectual property 

rights, biosafety issues that range from 

laboratory accidents to intentional mis-

use of select agents, and ethical concerns 

about the uses of genes and other bio-

logical resources. These challenges are far 

too large for any single nation to solve in 

an increasingly globalized world, and a 

shared international approach is needed. 

Only very few, large national centers are 

currently able to perform a comprehen-

sive role and to provide access to diverse 

organisms and databases. 

WHAT ACTION IS NEEDED?
The OECD report (OECD, 2001) recom-

mended the establishment of an inter-

national system for accreditation that 

would ensure the quality and stability 

of a system of national BRCs linked to-

gether as a global network. According to 

the report, a global network would foster 

international cooperation and economic 

development, while meeting a worldwide 

need for access to quality biological re-

sources. In line with OECD tradition, the 

work on BRCs was guided by individual 

“lead nations” which also provided ma-

terial support. The development of the 

BRC report (OECD, 2001) and the for-

mulation of an international consensus 

were led by Japan, with strong support 

from others, particularly the United 

States. In follow up to the report (OECD, 

2001), the implementation phase is be-

ing guided by France (Schwartzenberg, 

2001), again with strong support from 

other countries (Table 2). It is hoped that 

OECD member country ministers (both 

participants and nonparticipants, see 

Table 2) will agree to the framework for 

a global system of accreditation for BRCs 

and give their backing to completing the 

establishment of the international sys-

tem.

Although a global BRC presents a 

major challenge for international coop-

eration, such a network would greatly 

improve the conditions under which bi-

ological materials are preserved and ex-

changed. How this challenge is met will 

affect the life sciences and biotechnology 

for many years to come. It is a challenge 

that calls for the full support of govern-

ments, the scientifi c community, and 

the collective international private sec-

tor. There are many microbes, and other 

biological resources, which await discov-

ery and description, and these resources 

need a safe and secure home once they 

are discovered. Resources already discov-

ered and described also need to be safe 

and secure for future understanding and 

application. As Dixon (1996) correctly 

notes in his commentary written eight 

years ago, the vast number of microbes 

that remain to be discovered holds great 

promise and excitement for “those who 

are starting now.” Since 1996, the new 

revelations from genomics have only 

added emphasis to Dixon’s statement. 

Clearly, there is little time to waste before 

the nations of the world unite to achieve 

the economy of scale that a global BRC 

network would provide.
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